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Abstract 
Exposure to diesel particulate matter from diesel exhaust has been shown to have adverse health 
effects in humans. In 2012 The International Agency for Research on Cancer classified diesel 
exhaust as a group 1 know human carcinogen. Because of the associated health effects, there has 
been a strong push to reduce the amount of diesel exhaust present in the mining industry. 
Biodiesel is one to the more common and promising control options used to reduce the amount 
of diesel particulate matter that is generated during fuel combustion. The use of biodiesel over 
petroleum diesel has been shown to reduce not only particulate matter, but hydro carbon and 
carbon monoxide mass emissions as well.  
 
Personal and area samples were collected at an underground metal mine in the northwestern 
United States to evaluate the current blend of B70 biodiesel. The objective of this research was 
to evaluate the carbon levels associated with diesel particulate matter generated from the 
combustion of a B70 biodiesel. Data was also compared to past studies on which diesel 
particulate matter from petroleum diesel was evaluated. 
 
Samples were taken on four separate four day campaigns between March and October of 2014. 
Area samples were taken from 7 different areas in the mine and personal samples were taken 
from a 20 person cohort. The equipment used for sampling was compliant with the NIOSH 5040 
method. Statistical analysis of the results was done using Minitab 17 software. The statistical 
analysis showed that the total carbon concentrations from biodiesel were well below the MSHA 
exposure limit. Results also showed that organic/elemental carbon ratios were consistent with 
past studies as the concentrations of organic carbon were significantly higher than those of 
elemental carbon.  
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1. Introduction 
Diesel is one of the most common fuels used in the underground mining industry to 
power both support and production equipment. Though the use of diesel fuel has many 
advantages, it also has some disadvantages, especially with respect to underground mining. 
Several studies have shown that exposure to diesel particulate matter (DPM) in diesel exhaust 
(DE) can have adverse health effects. Based on evidence that DE increases the risk of lung 
cancer, The International Agency for Research on Cancer (IARC) classified it as a group 1 
human carcinogen in June of 2012 (WHO, 2012). Since diesel is so commonly used in the 
mining industry, many workers are exposed to these harmful effects. According to the Bureau of 
Labor Statistics, over 200,000 people are employed in the mining industry in the United States 
(Department of Labor, 2015). Significant emphasis has been placed on the mitigation of DPM in 
underground mines in recent years in view of the risk of exposure to DPM of working personnel. 
The health effects associated with diesel engine exhaust particulate matter (PM) have 
been well documented. The U.S. Mine Safety and Health Administration (MSHA) has developed 
a total carbon air exposure limit as a surrogate for diesel exhaust constituents (MSHA, 2008) in 
order to minimize exposure to PM. Various different technologies have been employed in the 
mining industry in an effort to comply with these exposure limits. The most common control 
technology is the installation of particulate filters on engines burning petroleum diesel or 
substitutes of petroleum diesel with a biodiesel fuel blend. Since biodiesel fuel blends typically 
result in increased NOx emissions, a NOx catalyst is usually used to reduce NOx emissions. The 
latest control technology currently being evaluated in industry is the addition of a natural gas-
fueled afterburner. The following research will evaluate the carbon levels associated with diesel 
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particulate matter generated from the combustion of a B70 biodiesel (70% biodiesel, 30% 
petroleum diesel) blend at an underground metal mine in the northwest United States.  
1.1. Statement of the Problem 
The first diesel engine emission standards in the U.S. were published under the Clean Air 
Amendments of 1990 and were referred to as Tier 1 -3 standards (EPA, 2012). These standards 
were met primarily through advanced engine design, with limited use of exhaust gas after 
treatments. Tier 4 standards are being phased in from 2008-2015 and require substantial 
reductions (90%) in oxides of nitrogen and particulate matter which will be achieved primarily 
through exhaust gas after-treatments. Non-road (or off-road) engines are addressed as a separate 
category in the Tier standards. However, off-road engines used in underground mining 
equipment are exempt from these standards since diesel emissions and air quality in mines are 
regulated by MSHA (EPA, 2012). The MSHA total carbon air exposure limit for DPM is 160 
micrograms per meter cubed (160TC µg/m
3) (MSHA, 2008). In order to evaluate a mines total 
carbon levels, samples are taken according to the National Institute for Occupational Safety and 
Health (NIOSH) 5040 method. 
Samples were collected at an underground metal mine in the northwestern United States 
to evaluate the current blend of B70 biodiesel. The objective of this research was to evaluate the 
DPM concentration associated with the biodiesel fuel blend and to evaluate the DPM carbon 
content. Data was also compared to past studies on which DPM from petroleum diesel was 
evaluated.  
1.2. Research Hypotheses 
The following hypotheses were developed based on the 160TC µg/m
3 MSHA standard for 
DPM and a literature review of diesel and biodiesel: 
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Ho1 - Mean total carbon concentrations for personal samples will not be below the MSHA 
standard of 160TC µg/m
3 
Ha1 - Mean total carbon concentrations for personal samples will be below the MSHA 
standard of 160TC µg/m
3 
Ho2 - High projected exposure group for personal samples will not have higher mean total 
carbon concentrations than low projected exposure areas 
Ha2 - High projected exposure group for personal samples will have higher mean total 
carbon concentrations than low projected exposure areas 
Ho3 - Mean total carbon concentrations from the area samples for the four sampling 
campaigns will not show seasonal variations 
Ha3 - Mean total carbon concentrations from the area samples for the four sampling 
campaigns will show seasonal variations 
Ho4 - Mean organic carbon concentrations from the personal samples not will be 
significantly higher than the elemental carbon concentrations 
Ha4 - Mean organic carbon concentrations from the personal samples will be significantly 
higher than the elemental carbon concentrations 
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2. Background and Literature Review 
2.1. Diesel Exhaust 
Diesel powered equipment is used extensively to transport machinery, ore and people in 
underground mines in the United States. The extensive use of diesel powered equipment in 
underground mines is due to the ability of such equipment (engines) to deliver high horse power 
and reduced carbon monoxide emissions in comparison with gasoline engines (Sydbom, 
Blomberg, Parnia, Stenfors, Sandstrom, & S.E., 2001). However, the disadvantage of using 
diesel fuel is that the PM emissions associated with diesel powered equipment are roughly 100-
fold higher than gasoline engines (WHO, 2012).  
2.1.1. Health Effects  
The health effects associated with diesel engine exhaust PM have gained considerable 
attention in the past two decades. DPM can result in both acute and chronic health effects 
depending on the dosage and length of exposure. Acute effects can include sensory irritations 
(potentially contributing to allergic responses) to the lungs, nose, throat and eyes as well as 
lightheadedness, nausea and induced asthma (EPA, 2014). Chronic health effects can include an 
increased risk of cardiovascular, respiratory, and cardiopulmonary diseases and lung cancer 
(MSHA, 2012). The association of diesel exhausts with the development of lung cancer is the 
primary reason it has gained so much attention in the last few decades. Diesel exhaust was long 
suspected as a human carcinogen and was classified as a probable human carcinogen group 2A 
in 1988 by the IARC. After further investigation it was later classified as a group 1 human 
carcinogen in 2012 based on studies that revealed sufficient evidence that DE causes cancer in 
humans (WHO, 2012). The IARC classifies a class 1 carcinogen as: 
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This category is used when there is sufficient evidence of carcinogenicity in humans. 
Exceptionally, an agent may be placed in this category when evidence of carcinogenicity 
in humans is less than sufficient but there is sufficient evidence of carcinogenicity in 
experimental animals and strong evidence in exposed humans that the agent acts through 
a relevant mechanism of carcinogenicity (WHO, 2012). 
The classification of DE as a human carcinogen has led to concerted efforts towards its release 
and propagation in occupational settings. 
2.1.2. Composition 
Diesel exhaust is a complex mixture of particles and gases that consist of several hundred 
different types of organic and inorganic components. Diesel exhaust consists of carbonaceous 
particles, oxides of nitrogen, carbon monoxide, aldehydes and other volatile organics (EPA, 
2002). Particulate matter form diesel exhaust is comprised of hundreds of compounds adsorbed 
to the surface of the particles. These particles have an elemental carbon core that possesses 
numerous volatile organic and inorganic compounds (Kagawa, 2002) (Figure 1).  
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Figure 1: Diesel Particulate Composition 
Adapted from (WorldPress) 
 
 
2.1.3. Elemental and Organic Carbon 
Since elemental and organic carbon constitute over 80% of particulate matter (Noll, 
Bugarski, Patts, Mischler, & McWilliams, 2007) a lot of research has been conducted to evaluate 
elemental and organic carbon ratios in DPM and possible causes and effects of interferences 
while sampling. Studies have shown that EC/OC ratios differ depending on the operating phase 
of the engine. In startup and idle phases the OC emissions are generally higher than EC. 
However as the engine work up to full operating speed, the OC concentrations tends to decrease 
and the EC increase (Sharma, Agarwal, & Bharathi, 2005; Agarwal, Gupta, & Kothari, 2011; 
Shah, Cocker III, Miller, & Norbeck, 2004). Though EC will increase at higher engine operating 
outputs, studies have shown that OC concentrations are generally higher in total DPM (Gangwar, 
Guptab, & Agarwal, 2012; Shah et al., 2004; Noll et al., 2007). The results from this study are 
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expected to follow the same trend and register higher OC concentrations compared to EC 
concentrations. 
There are several elements that can interfere with carbon concentration readings while 
conducting DPM sampling. Cigarette smoke, carbonates and oil mist in the mine air can interfere 
with carbon concentration readings (NIOSH, 2003; Noll et al., 2007). Cigarette smoke and 
carbonates generally do not interfere with EC concentrations as they mostly consist of OC. For 
example, cigarette smoke consists of less than 1% EC. Therefore, it has very little effect on EC 
concentration readings (NIOSH, 2003). In order to minimize interferences in this study, a size 
selective MSHA impactor was used to reduce collection of unwanted particules.  
2.1.4. Exposure Limit 
Due to the wide use of diesel fuel used in the mining industry and the health effects 
associated with it, MSHA has prioritized the reduction of miner personal breathing zone (PBZ) 
exposures. In an effort to minimize exposure to diesel engine exhaust in underground mining 
environments, MSHA has developed an exposure limit which considers the total carbon (which 
is the sum of elemental and organic carbon concentrations) concentration in the air as a surrogate 
for diesel exhaust constituents (MSHA, 2008). Total carbon was chosen as a surrogate because 
the sum of elemental and organic carbon components comprises over 80% of the particulate 
matter emitted by diesel (Noll et al., 2007). This is represented visually in Figure 2. MSHA uses 
160 microgram per cubic meter (µg/m3) total carbon 8 hour time weighted average exposure 
limit (MSHA, 2008). 
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Figure 2: Schematic Representation of Diesel Particulate Matter 
Adapted from (MSHA 2001) 
 
2.1.5. Controls 
 Mining companies have employed various control technologies in an effort to comply 
with the exposure limits that have been set in place. These include replacing equipment or 
engines with newer, cleaner burning systems that reduce the amount of particulate matter 
released, installing pressurized, filtered cabs on equipment, and installing exhaust after-treatment 
devices on equipment. Other types of controls have included revising work and fleet practices to 
minimize worker exposures, increasing mine ventilation rates, and altering fuel composition, 
such as replacing petroleum diesel with biodiesel fuel blends.  
2.2. Biodiesel 
Biodiesel is “the mono alkyl esters of long chain fatty acids derived from renewable lipid 
sources.” (Howell & Weber, 1997). Biodiesel can be derived from vegetable oils or animal fats.  
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“Blend of biodiesel” is a term that refers to the ratio of biodiesel to petroleum diesel that is being 
used. For example, a B70 blend consists of 70% biodiesel and 30% petroleum diesel. Biodiesel 
had been around for a few decades but is now being widely used as a control for diesel because 
of the health effects associated with diesel exhaust. Since substitution of petroleum diesel with 
biodiesel fuel blends appears to be a promising control to reduce particulate matter, hydro carbon 
and carbon monoxide mass emissions (Shahir, Jawahar, & Suresh, 2015; Su, Zhu, & Bohac, 
2013; Rounce, Tsolakis, & York, 2012; Hansen, Zhang, & Lyne, 2005), the use of biodiesel 
blends have recently gained popularity. However, biodiesel fuel blends have resulted in higher 
emissions of nano-sized particles, increased NOx emission, increased liquid PM concentrations, 
slight power loss and increased fuel consumption (Rounce et al., 2012; Shahir et al., 2015). PM 
reduction by biodiesel can be attributed to factors such as lower air–fuel ratios, higher fuel 
oxygen content and reduced aromatic content, which reduces carbonaceous soot (Su et al., 2013). 
Biodiesel can be derived from several plant species, such as rapeseed (canola), soybean, castor, 
sunflower, etc.  The origin of the fuel along with the percentage blended with petroleum diesel 
varies considerably. 
Studies have also shown that biodiesel combustion reduces EC, OC and TC 
concentrations when compared to petrolium diesel (Gangwar et al.., 2012; Agarwal et al., 2011). 
Since TC comprmises most of the PM that is produced from diesel combustion, EC and OC 
levels are expected to decrease as the PM decreases when biodiesel is used. In general, studies 
have shown that biodiesel combustion reduces the amount of PM, and the associated EC, OC and 
TC consintrations when compared to biodiesel.  
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3. Materials and Methods  
This research was conducted at an underground metal mine in the northwest United 
States. Full shift sampling was preformed to evaluate carbon component of DPM using a SKC 
GS1 respirable cyclone with an SKC MSHA compliant DPM impactor and a sampling pump. 
Both personal and area samples were taken on four separate four day campaigns between March 
and October of 2014. 
3.1. Mine Location 
Samples for this research were taken from an underground metal mine in the 
northwestern United States. The mine is involved in the development, extraction, processing, 
smelting, refining and marketing of metals mined from its ore body. It is a large mine with one 
hundred miles of underground tunnel, the lowest of which reach 1,900 feet above sea level and 
the highest are at an elevation of 7,500 feet.  
There are several different types of equipment that run on of biodiesel in the mine in its 
underground operations, ranging from support equipment such as pickup trucks and side-by-
sides for human transport to production equipment such as haul truck, muckers, loaders, jumbos, 
and diamond drills. The equipment have Cat, Cummins, Deutz or Mercedes engines. Several 
types of controls have been implemented by the mine to mitigate the DPM release from these 
engines, one of which is a B70 (70% biodiesel, 30% petroleum diesel) blend of biodiesel. 
Different kinds of soot and particulate filters are also used there to limit DPM release.  
3.2. Sampling Locations 
Area and personal samples were collected at different locations throughout the mine. 
Personal samplers were attached to the subjects pre-shift, whereupon they resumed their regular 
duties throughout the mine as illustrated in Table I. Area samplers were positioned in the mine 
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after the subjects were equipped with their personal samplers. Four areas, three underground and 
one on the surface (for control), were sampled each day. Figure 3 shows the area sampled on day 
1 and 3 in green and the areas for day 2 and 4 in blue.  
 
Table I: Personal Sample Locations 
Subject ID 
Job Job Location 
01 Muck Hauler Area 2 
02 Electrician All mine locations 
03 Operator 2000 level to 7800 level 
04 Miner I 2300 West FWL 
05 Miner III Area 3,3800 East 9900 
06 Miner I 2000 West Stope Block 
07 Geologist All mine locations 
08 Miner I 2600 East 
09 Mechanic 2900 Shop 
10 Diamond Driller 2300 West & 5000 West 
11 Electrician All mine locations 
12 Miner I 5000 West 
13 Miner I 4100 West FWL 
14 
Stationary 
Mechanic 
All mine locations 
15 Operator Lower Off Shaft 
16 Raise Bore I Driller 5200 East 5900 
17 Geologist All mine locations 
18 Beat Mechanic 3200 level to 4800 level 
19 
Surface Mill 
Operator 
Surface Mill 
20 Miner I 3800 West Block Area 2 
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Figure 3: Area Sample Locations 
 
3.3. Sampling Media and Equipment 
To assess the exposure levels in this study, SKC GS-1 respirable cyclones were used in-
line and upstream of MSHA compliant SKC DPM impactors (Figure 4). Air was pumped 
through the quartz-fiber 37 mm filter and second quartz filter as a backup filter using SKC 
Universal air flow pumps set to 1.7 liters per minute. All samplers were calibrated to verify flow 
rates. Both pre and post shift calibrations were done using a Bios Defender dry cal. The 
 
 
s
d 
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equipment used was compliant with the NIOSH 5040 method. This method requires the use of a 
37-millimeter quartz-fiber filter in a 3-piece cassette. The cassette is connected to an air flow 
pump with a flexible air hose. This method requires air be drawn at a volume of 2 – 4 liters per 
minute. A backup filter is also used to collect any absorbed vapor that was not caught on the first 
filter (NIOSH, 2003). 
 
Figure 4: Sampling Train 
 
3.4. Sampling Strategies 
 The four campaigns for this study were conducted in March, June, August and October 
of 2014, in order to detect any seasonal variation in the DPM levels in the mine.  The personal 
sample component of the study consisted of a 20 person cohort. The subjects were selected such 
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that they had different jobs in different locations (both above and below ground) in the mine to 
ensure a wide range of potential DE exposures. The same 20 person cohort was used on each of 
the four campaigns. Due to the expense of the personal air sampling equipment, it was not 
feasible to monitor all workers simultaneously. Therefore, the 20 subjects were broken up into 2 
groups with 10 personal samples taken each day. Subjects 1 through 10 were equipped with 
personal sampling pumps and media on days 1 and 3 and subjects 11 through 20 were sampled 
on days 2 and 4. This allowed for two different samples from each subject in the cohort on each 
campaign for a total of 8 samples per subject. The subject’s job title and area of the mine where 
they were working was also documented. The sampling media was worn on the collar of each 
worker in a location that represented his/her breathing zone.  
An earlier study found that PM1 concentrations varied from 33-500 µg/m3 at the 2000-
3000 foot level of the mine. Based on these findings and input from the mine staff, each subject 
was identified as either a low, medium or high DPM exposure subject. High DPM subjects 
worked in areas located near an active mine heading, areas with limited ventilation, and had jobs 
that frequently involved the operation of diesel powered equipment. Medium exposure subjects 
worked in areas such as maintenance shops and dump locations where they were not as 
frequently exposed to diesel exhaust. Low exposure subjects worked in locations with little to no 
diesel emissions and good ventilation or on the surface (Table II).  
15 
 
Table II: Personal Sample Exposure Groups 
Subject ID 
Above Ground Under Ground Exposure Group 
01   x Medium 
02   x Medium 
03   x High 
04   x High 
05   x Low 
06   x High 
07 x x Low 
08   x High 
09   x Low 
10   x Medium 
11 x x Medium 
12   x High 
13   x High 
14 x x Low 
15   x Medium 
16   x Medium 
17 x x Low 
18   x High 
19 x   Low 
20   x High 
 
Area samples were also set up in different areas of the mine each day. There were 4 areas 
sampled each day. Areas 1 through 3 were sampled on days 1 and 3 and areas 4 through 6 were 
sampled on days 2 and 4 (Figure 4). Another area sample taken on the surface served as the 
control. Pre and post shift calibration was done for both area and personal samples using a dry-
cal.  
3.5. Sample Analysis 
 At the conclusion of sampling, the cassettes were capped, as illustrated in Figure 5, and 
sent to the American Industrial Hygiene Association (AIHA) accredited ALS Global laboratory 
in Salt Lake City for analysis using the NIOSH 5040 method. In accordance with this method a 
1.5 cm2 punch is taken from the filters of each sample to be analyzed. The punches were 
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analyzed using a thermal optical analyzer and a flame ionization detector. The NIOSH 5040 
method has a limit of detection (LOD) of 0.2 µg/m³ for 960 L air sample. The backup filter can 
also be analyzed for any absorbed vapors (NIOSH, 2003).  
 
Figure 5: Sample Filters and Cassettes 
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4. Results 
The following describes results obtained from the 4 sampling campaigns at the mine 
(Appendix A).  Results were obtained for total carbon, elemental carbon and organic carbon 
using the NIOSH 5040 method. Results are given in µg of carbon (total, elemental and organic). 
The carbon levels are then divided by the air volume (m3) to calculate a concentration of µg/m3. 
This calculation was performed for both area and personal samples. After sampling the blank 
filters that were analyzed showed that the 37 mm filters had organic carbon concentrations on the 
filter before samples were taken. To account for this a correction factor of 17.8 µg/m³ was 
calculated from the blanks and subtracted from the original organic carbon levels. 
4.1. Area Sample Results 
Means OC, EC and TC results for the area samples are shown below (Table III). The 
results show the means for the 6 different underground areas and the above ground control area, 
which were sampled for each campaign.  
18 
 
Table III: Results from Area Samples 
Campaign Location Area 
Number of 
Samples 
OC 
(µg/m³) 
EC 
(µg/m³) 
TC 
(µg/m³) 
1 2000 East 300 East 1 4 47.8 40.00 87.20 
1 2600 East 1600 East 2 2 33.20 15.50 48.70 
1 2900 Shop 3 2 18.70 6.80 25.50 
1 4400 West Footwall 4 4 20.45 19.25 39.70 
1 4100 West 5 2 30.2 30.00 60.20 
1 5000 Shop 6 2 27.70 11.55 39.25 
1 Surface Confrence Room Control 4 8.20 < 8.20 
2 2000 East 300 East 1 2 36.20 16.50 52.20 
2 2600 East 1600 East 2 2 86.20 29.15 115.70 
2 2900 Shop 3 2 21.20 4.05 25.7 
2 4400 West Footwall 4 2 36.20 20.00 56.20 
2 4100 West 5 2 64.20 21.00 85.20 
2 5000 Shop 6 2 16.70 6.60 23.30 
2 Surface Confrence Room Control 8 6.70 < 6.70 
3 2000 East 300 East 1 2 25.70 24.00 49.70 
3 2600 East 1600 East 2 2 14.70 5.40 20.1 
3 2900 Shop 3 2 2 16.35 18.35 
3 4400 West Footwall 4 2 26.20 24.50 50.70 
3 4100 West 5 2 27.70 26.50 54.20 
3 5000 Shop 6 2 45.70 11.90 57.60 
3 Surface Confrence Room Control 8 13.70 19.12 30.82 
4 2000 East 300 East 1 3 15.20 16.87 32.87 
4 2600 East 1600 East 2 2 10.20 7.30 13.70 
4 2900 Shop 3 2 3.70 5.90 10.20 
4 4400 West Footwall 4 4 37.95 19.00 56.70 
4 4100 West 5 2 33.70 32.00 65.70 
4 5000 Shop 6 2 19.70 5.15 24.70 
4 Surface Confrence Room Control 4 0.45 < 0.45 
(<) indicates that sample concentration was less than the reportable limit (RL); 
Organic Carbon RL = 4.9 µg/sample; Elemental Carbon RL =  1.7 µg/sample 
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4.2. Personal Sample Results 
Mean concentrations measured for OC, EC and TC for the personal samples are shown 
below (Table III). The results show the mean averages measured for all 20 subjects over the 4 
different campaigns.  
Table IV: Results from Personal Samples 
Subject 
ID 
Exposure 
group Job Duty Mine Location 
OC 
(µg/m³) 
EC 
(µg/m³) 
TC 
(µg/m³) 
01 Medium Muck Hauler Area 2 10.58 6.92 17.79 
02 Medium Electrician All mine locations 7.20 4.30 9.34 
03 High Operator 2000 level to 7800 level 10.70 13.15 23.87 
04 High Miner I 2300 West FWL 24.87 20.95 45.65 
05 Low Miner III Area 3,3800 East 9900 27.20 13.00 40.20 
06 High Miner I 2000 West Stope Block 24.45 16.15 40.45 
07 Low Geologist All mine locations 20.53 11.47 32.25 
08 High Miner I 2600 East 27.2 22.43 49.49 
09 Low Mechanic 2900 Shop 5.70 5.41 13.02 
10 Medium Diamond Driller 2300 West & 5000 West 15.37 17.32 34.20 
11 Medium Electrician All mine locations 18.08 8.26 25.45 
12 High Miner I 5000 West 39.34 9.07 49.20 
13 High Miner I 4100 West FWL 16.45 13.76 30.33 
14 Low Stationary Mechanic All mine locations 28.90 3.50 31.20 
15 Medium Operator Lower Off Shaft 20.33 10.09 30.31 
16 Medium Raise Bore I Driller 5200 East 5900 14.20 7.40 21.60 
17 Low Geologist All mine locations 20.83 11.30 32.19 
18 High Beat Mechanic 3200 level to 4800 level 16.58 6.58 23.10 
19 Low Surface Mill Operator Surface Mill 9.80 * 9.80 
20 High Miner I 3800 West Block Area 2 45.80 39.50 112.50 
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5. Statistical Analysis and Discussion 
The statistical analysis of the data collected in this study was performed using Minitab 17 
software. Several different statistics were analyzed with this program. The results for this study 
were found to be log normally distributed. To account for this, geometric means were used in the 
statistical analysis testing.  
5.1. Analysis of Total Carbon 
The geometric mean of total carbon for the personal samples for all four campaigns was 
23.76 µg/m3. The highest total carbon level for the personal samples was from the first campaign 
followed by the fourth, second and third campaigns respectively. The geometric mean of the total 
carbon level for the area samples for all four campaigns was 24.86 µg/m3. The highest total 
carbon level for the area samples was from the first campaign followed by the second, third and 
fourth campaigns respectively. Overall the total carbon levels were higher for the area samples 
than the personal samples. The geometric mean of the total carbon concentrations for each 
campaign for both personal and area samples are shown in Figure 6.  
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Figure 6: Total Carbon Concentrations 
 
5.2. Analysis of Elemental Carbon 
The geometric mean of elemental carbon for the personal samples for all four campaigns 
was 9.71 µg/m3. The highest elemental carbon level for the personal samples was the fourth 
campaign followed by the first, second and third campaigns respectively. The geometric mean of 
the elemental carbon level for the area samples for all four campaigns was 13.82 µg/m3. The 
highest elemental carbon level for the area samples was from the first campaign followed by the 
second, third and fourth campaigns respectively. Overall the elemental carbon levels were higher 
for the area samples than the personal samples. The geometric mean elemental carbon 
concentrations for each campaign for both personal and area samples are shown in Figure 7.  
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Figure 7: Elemental Carbon Concentrations 
 
5.3. Analysis of Organic Carbon 
The geometric mean of organic carbon for the personal samples for all four campaigns 
was 15.56 µg/m3. The highest organic carbon level for the personal samples was the first 
campaign followed by the second, third and fourth campaigns respectively. The geometric mean 
of the organic carbon level for the area samples for all four campaigns was 17.63 µg/m3. The 
highest mean organic carbon levels for the area samples was from the second campaign, 
followed by the first, and fourth campaigns respectively. Overall the organic carbon levels were 
higher for the area samples than the personal samples. The geometric mean of the organic carbon 
concentrations for each campaign for both personal and area samples are shown in Figure 8.  
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Figure 8: Organic Carbon Concentrations 
 
5.4. Total Carbon Concentration Compared to MSHA Exposure Limit 
A one sample t-test was run to compare the total carbon personal samples collected to the 
160tc µg/m
3 MSHA exposure limit (Appendix H). This analysis compared the arithmetic mean of 
the personal samples to the 160 µg/m3 standard to see if the subjects were overexposed. The 
results of the analysis showed a p value of 0.000, which is less than the alpha value of 0.05. The 
results of this test reject the null hypothesis Ho1 in favor of the alternative hypothesis Ha1, 
indicating that the average mean of the sampling campaigns is lower than the exposure limit. 
The mean for total carbon for all four campaigns is 32.55 µg/m3, well below the exposure 
limit of 160 µg/m3 (Figure 9). Only one of the samples was above the exposure limit. The total 
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21.91 
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carbon for this sample was 182.2 µg/m3. The sample came from subject 20, who was a miner I 
working in the 3800 west tunnel. This subject was in the high exposure group. 
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Figure 9: Total Carbon Concentrations Vs. MAHA Exposure Limit 
 
5.5. Correlation of Risk Exposure Groups 
A One-Way Anova test was run to compare the geometric means of the three different 
exposure groups (low, medium and high) (Appendix I). The geometric mean of total carbon from 
all the personal samples were compared to the exposure groups. The results of the analysis 
showed a p value of 0.000, which is less than the alpha value of 0.05, suggesting that there is 
significant difference between the exposure groups. The average total carbon level for the high 
exposure group was 33.85 µg/m³, while those for the low and medium exposure group were very 
close at 20.10 µg/m³ and 18.40 µg/m³ (Figure 10). Since there was a significant difference 
32.55 
25 
between the exposure groups, a Tukey comparison was run to see which means were 
significantly different from each other. The results from the Tukey comparison suggested that the 
high exposure group was significantly different from the medium and low groups (Appendix I). 
It also suggested no significant difference between the low and medium exposure groups. The 
results of this test reject the null hypothesis Ho2 in favor of the alternative hypothesis Ha2, 
indicating that the higher exposure group had the higher levels of exposure to total carbon. 
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Figure 10: Statistical Analysis of Exposure Groups 
 
5.6. Analysis of Seasonal Variation 
An One-Way Anova was run to see if there was any seasonal variation in the total carbon 
area samples from the 4 different campaigns of this study (Appendix J). The geometric means of 
total carbon from the 4 different campaigns were compared to see if there was any variation. The 
33.85 
20.10 18.40 
26 
results of the analysis showed a p value of 0.413, which is more than the alpha value of 0.05, 
indicating no significant variations between the four campaigns. Campaign 1 had the highest 
average total carbon level at 32.74 µg/m³ followed by campaign 3 at 29.36 µg/m³, campaign 4 at 
26.67 µg/m³ and campaign 2 at 19.63 µg/m³ (Figure 11). The results of this analysis fail to reject 
the null hypothesis Ho3, indicating that there was no seasonal variation in the total carbon levels 
in the Mine.  
4321
2.5
2.0
1.5
1.0
0.5
Campaign
T
C
 L
o
g
Boxplot of TC Log
 
Figure 11: Mean Total Carbon Concentrations from the 4 Campaigns 
 
5.7. Elemental-Organic Ratios 
A two sample t-test was run to evaluate the geometric means of the personal elemental 
and organic carbon samples (Appendix K). The geometric mean of the elemental and organic 
carbon concentrations from the personal samples were compared to see if there was any 
variation. The results of the analysis showed a p value of 0.000, which is less than the alpha 
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value of 0.05, indicating there was a significant difference between the elemental and organic 
carbon concentrations. The average for the elemental carbon was 9.71 µg/m³ and the mean for 
the organic carbon was 15.56 µg/m³ (Figure 12). The results of this analysis reject the null 
hypothesis Ho4 in favor of the alternative hypothesis Ha4, indicating that the OC concentrations 
were significantly higher than the OC concentrations 
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Figure 12: EC/OC Mean Comparison 
. 
5.8. Discussion  
Three different previous studies on petroleum diesel were used to compare to the total, 
organic and elemental carbon from this biodiesel study to ascertain the effect of biodiesel on 
DPM emissions. The first study, published in 2006, was conducted at Stillwater mine. This study 
took area samples using the NIOSH 5040 method to determine carbon concentrations in the 
9.71 
15.56 
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mine. Since some of these samples were below the detection limit, 70% of the detection limit 
was used for concentrations of those samples (Stephenson, Spear, & Lutte, 2006). The second 
study, published in 2002, collected samples from 7 different unknown underground non-metal 
mines. This study also used the NIOSH 5040 method to determine carbon concentrations from 
personal samples (Cohen, Borak, Hall, Sirianni, & Chemerynski, 2002). The third study was 
conducted at Barrick Goldstrike Mine in 2007. This study used the NIOSH 5040 method to 
analyze area samples from the mine (Osei-Boakye, 2007). Since Cohen et al. used personal 
samplers, their results were compared to the personal sampler results in the present study. 
Stevenson et al. and Osei-Boakye’s use of area samplers lent their studies for comparison with 
the area sampler results in this study. 
Mean total carbon concentrations were lower in this study than the previous studies. A 
one-way anova test was conducted to compare the personal samples from this study to the 
previous studies (Appendix B). The mean total carbon concentration of the seven mines using 
petroleum diesel sampled by Cohen et al. were compared to the mean total carbon levels from 
this study. The results of the analysis showed a p value of 0.000, which is less than the alpha 
value of 0.05, suggesting that there is significant difference between the total carbon levels 
generated from biodiesel and petroleum diesel in these two studies. The mean total carbon levels 
for the seven mines, as reported by Cohen et al., ranged between 122.50 and 371 µg/m3 
compared to the 32.55 µg/m3 mean from this study (Figure 13). Since a significant difference 
was found, a Tukey comparison was run to see which of the mines were significantly different 
from each other. The results from the Tukey comparison suggested that the results from this 
study were different from the other seven mines using petroleum diesel (Appendix B).  
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Figure 13: Total Carbon Personal Sample Comparison 
 
A one-way anova test was also conducted to compare the total carbon area samples 
reported by Stevenson et al. and Osei-Boakye and this study (Appendix C). The mean total 
carbon level of the mines using petroleum diesel sampled in those studies were compared to the 
mean total carbon levels from this project. The results of the analysis showed a p value of 0.000, 
which is less than the alpha value of 0.05, suggesting that there was a significant difference 
between the total carbon levels generated from biodiesel and petroleum diesel. The mean total 
carbon level as reported by Stevenson et al. was 149.60 µg/m3, the mean total carbon level 
according to Osei-Boakye was 233.50 µg/m3, both much higher when compared to the 37.74 
µg/m3 mean from this study (Figure 14). Since a significant difference was found, a Tukey 
comparison was run to see which of the results were significantly different from each other. The 
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results from the Tukey comparison suggested that the results from this study were different from 
the other studies using petroleum diesel (Appendix C).  
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Figure 14: Total Carbon Area Sample Comparison 
 
The same analyses were run for the elemental carbon samples. A one-way anova test was 
conducted to compare the elemental carbon concentrations from the personal samples to the 
elemental carbon levels reported by Cohen et al. (Appendix D). The results of the analysis 
showed a p value of 0.000, which is less than the alpha value of 0.05, suggesting that there is 
significant difference between the elemental carbon levels generated from biodiesel and 
petroleum diesel. The mean elemental carbon levels for the seven mines reported by Cohen et al. 
ranged between 36 and 250 µg/m3 compared to the 13.05 µg/m3 mean from this study (Figure 
15). Since a significant difference was found, a Tukey comparison was run to see which of the 
mines were significantly different from each other. The results from the Tukey comparison 
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suggested that the results from this study were different from the other seven mines using 
petroleum diesel (Appendix D).  
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Figure 15: Elemental Carbon Personal Sample Comparison 
 
A one-way anova test was also conducted to compare the mean area sample 
concentrations reported by Stevenson et al. and Osei-Boakye and this study (Appendix E). The 
results of the analysis showed a p value of 0.000, which is less than the alpha value of 0.05, 
suggesting that there is significant difference between the elemental carbon levels generated 
from biodiesel and petroleum diesel. The mean elemental carbon level according to Stevenson et 
al. was 107.40 µg/m3 and the mean total carbon level reported by Osei-Boakye was 152.10 
µg/m3, both much higher when compared to the 18.30 µg/m3 mean from this study (Figure 16). 
Since a significant difference was found, a Tukey comparison was run to see which of the results 
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were significantly different from each other. The results from the Tukey comparison suggested 
that the results from this study were different from the other studies using petroleum diesel 
(Appendix E).  
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Figure 16: Elemental Carbon Area Sample Comparison 
 
The same analyses were run for the organic carbon samples. A one-way anova test was 
conducted to compare the organic carbon concentrations from the personal samples to the 
elemental carbon levels reported by Cohen et al. (Appendix F). The results of the analysis 
showed a p value of 0.000, which is less than the alpha value of 0.05, suggesting that there is 
significant difference between the organic carbon levels generated from biodiesel and petroleum 
diesel. The mean organic carbon levels for the seven mines reported by Cohen et al. ranged 
between 51 and 121 µg/m3 compared to the 20.57 µg/m3 mean from this study (Figure 17). Since 
a significant difference was found, a Tukey comparison was run to see which of the mines were 
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significantly different from each other. The results from the Tukey comparison suggested that the 
results from this study were different from the other seven mines using petroleum diesel 
(Appendix F). 
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Figure 17: Organic Carbon Personal Sample Comparison 
 
A one-way anova test was also conducted to compare the mean area sample 
concentrations reported by Stevenson et al. and Osei-Boakye and this study (Appendix G). The 
results of the analysis showed a p value of 0.000, which is less than the alpha value of 0.05, 
suggesting that there is significant difference between the organic carbon levels generated from 
biodiesel and petroleum diesel.. The results of the analysis showed a p value of 0.000, which is 
less than the alpha value of 0.05, suggesting that there is significant difference between the 
organic carbon levels generated from biodiesel and petroleum diesel. The mean organic carbon 
level according to Stevenson et al. was 43.83.40 µg/m3, the mean total carbon level reported by 
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Osei-Boakye study was 81.46 µg/m3, both higher when compared to the 23.80 µg/m3 mean from 
this study (Figure 18). Since a significant difference was found, a Tukey comparison was run to 
see which of the results were significantly different from each other. The results from the Tukey 
comparison suggested that the results from this study were statistically similar to the Stephenson 
study (Appendix G).  
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Figure 18: Organic Carbon Area Sample Comparison 
 
The results from this study indicate a reduction in the carbon levels generated from 
biodiesel combustions compared to petroleum diesel combustion. This conclusion is supported 
by previous studies such as (Shahir et al., 2015; Su et al., 2013; Rounce et al., 2012; Hansen et 
al., 2005) all reported reduction of DPM using biodiesel. Elemental and organic carbon ratios 
from this study are also consistent with other studies in that the OC concentrations were higher 
that the EC concentrations. 
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Results also show that mines using petroleum diesel-powered equipment might be over 
exposed to diesel exhaust. As reported by the three previous studies, many of the samples 
exceeded the 160TC µg/m
3 MSHA exposure limit. Cohen et al. reported that 3 of the 7 mines 
sampled had mean total carbon levels that where over the exposure limit and the mean total 
carbon levels reported by Osei-Boakye were 233.50 µg/m3. Though Stevenson et al.  reported 
concentrations  below the exposure limit, they were very close to it at 149.6 µg/m3.  
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6. Limitations and Future Work 
One of the limitations of this study is the variables that exist when comparing the carbon 
levels from the present study to past ones. Carbon samples were taken from different mines in 
different areas. The different mines would have different kinds of ventilation as well as different 
types of equipment and engines. The mines would also have different production rates and the 
samples were taken from different types of mines (metal and non-metal). All of these factors 
could all affect the amount of diesel exhaust that was produced during these studies.  
Another limitation of this study centered on the NIOSH 5040 method. The backup filters 
were not analyzed when finding the carbon concentrations. According to the NIOSH 5040 
method the backup filter can be used to correct for absorbed vapors (NIOSH, 2003). Since the 
backup filter was not analyzed, the carbon numbers could be inaccurate.  
 This assessment of carbon concentrations associated with biodiesel particulate matter 
provided the groundwork for future research and exposure assessments. A future study on carbon 
concentrations that analyzes the backup filter would show how much carbon makes to the 
backup filter that was not analyzed in this study.   
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7. Conclusion 
Diesel exhaust has been shown to cause adverse health effects in humans. It has recently 
been classified as a human carcinogen because of its causal link to lung cancer. This has led to 
stricter exposure limits being put in place to reduce the amount of DE that workers are exposed 
to at the work place. Operators have implemented a variety of controls to reduce workplace 
exposure to DE. One of the most promising controls for DE is the use of biodiesel. The carbon 
concentrations obtained of this study support the results of past studies which showed that the 
use of biodiesel reduces the amount of PM released into the atmosphere.  
The results from this study show that the total carbon concentrations from the mine were 
well below the MSHA exposure limit of 160 µg/m3. Compared to previous studies on petroleum 
diesel, the amount of total carbon was also found to be significantly reduced by the use of B70 
biodiesel. The elemental and organic carbon ratios were consistent with the results from previous 
studies, i.e., OC concentrations were higher than the EC concentrations.  When compared to 
previous studies on petroleum diesel, EC and OC levels were also shown to be reduced by the 
use of the B70 biodiesel at the mine.  
The results also show that there was no seasonal variation in carbon concentrations. This 
indicates that the difference in temperature of the air drawn from the surface does not affect the 
DPM generated. The subjects that were labeled as high exposure group were also shown to have 
a higher mean TC concentration than the lower exposure groups. Though the high exposure 
group had higher concentrations, the lower exposure group had higher mean TC than the 
medium exposure group.  
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Appendix A: Raw Results 
Subje
ct  ID 
Job 
Descripti
on 
Location 
Descripti
on 
Exposu
re 
Group 
Date 
Air 
Volu
me 
(m3) 
OC 
(µg
) 
EC 
(µg
) 
TC 
(µg
) 
OC 
(µg/m
³) 
EC 
(µg/m
³) 
TC 
(µg/m
³) 
1 
Muck 
Hauler 
Area 2 
Mediu
m 
3/7/201
4 
0.95 35 9.1 
44.
1 
37 9.6 46.6 
3/9/201
4 
1.012 30 5.1 
35.
1 
29 5.1 34.1 
2 
Electricia
n 
All mine 
locations 
Mediu
m 
3/7/201
4 
              
3/9/201
4 
0.816 18 < 18 21 < 21 
3 Operator 
2000 
level to 
7800 
level 
High 
3/7/201
4 
0.998 39 30 69 39 30 69 
3/9/201
4 
              
4 Miner I 
2300 
West 
FWL 
High 
3/7/201
4 
1.003 34 3.7 
37.
7 
34 3.7 37.7 
3/9/201
4 
1.042 44 12 56 42 11 53 
5 Miner III 
Area 3, 
3800 
East 
9900 
Low 
3/7/201
4 
1.024 53 15 68 52 15 67 
3/9/201
4 
1.002 38 11 49 38 11 49 
6 Miner I 
2000 
West 
Stope 
Block 
High 
3/7/201
4 
1.005 38 20 58 38 20 58 
3/9/201
4 
1.108 35 12 47 31 11 42 
7 Geologist 
All mine 
locations 
Low 
3/7/201
4 
1.151 33 5.6 
38.
6 
29 4.9 33.9 
3/8/201
4 
0.851 38 11 49 45 13 58 
8 Miner I 
2600 
East 
High 
3/7/201
4 
1.017 56 14 70 55 13 68 
3/9/201
4 
0.755 34 11 45 45 15 60 
9 
Mechani
c 
2900 
Shop 
Low 
3/7/201
4 
0.982 31 6.4 
37.
4 
31 6.5 37.5 
3/9/201
4 
0.929 27 5.6 
32.
6 
30 6.1 36.1 
10 
Diamond 
Driller 
2300 
West & 
5000 
Mediu
m 
3/7/201
4 
              
3/9/201               
43 
West 4 
11 
Electricia
n 
All mine 
locations 
Mediu
m 
3/8/201
4 
1.008 46 19 65 46 19 65 
3/10/20
14 
0.347 17 3.1 
20.
1 
50 9 59 
12 Miner I 
5000 
West 
High 
3/8/201
4 
1.049 48 8.4 
56.
4 
46 8 54 
3/10/20
14 
0.905 66 15 81 73 17 90 
13 Miner I 
4100 
West 
FWL 
High 
3/8/201
4 
1.049 37 14 51 35 14 49 
3/10/20
14 
0.968 54 26 80 56 27 83 
14 
Stationar
y 
Mechani
c 
All mine 
locations 
Low 
3/8/201
4 
0.6 69 < 69 110 < 110 
3/10/20
14 
0.957 34 < 34 36 < 36 
15 Operator 
Lower 
Off Shaft 
Mediu
m 
3/8/201
4 
0.984 46 11 57 46 11 57 
3/10/20
14 
0.807 36 7.2 
43.
2 
45 8.9 53.9 
16 
Raise 
Bore I 
Driller 
5200 
East 
5900 
Mediu
m 
3/8/201
4 
1.028 31 6.4 
37.
4 
30 6.2 36.2 
3/10/20
14 
0.817 28 7 35 34 8.6 42.6 
17 Geologist 
All mine 
locations 
Low 
3/9/201
4 
0.384 23 3.2 
26.
2 
60 8.4 68.4 
3/10/20
14 
0.756 32 5.2 
37.
2 
42 6.9 48.9 
18 
Beat 
Mechani
c 
3200 
level to 
4800 
level 
High 
3/8/201
4 
1.064 27 11 38 26 9.9 35.9 
3/10/20
14 
0.974 36 6 42 37 6.2 43.2 
19 
Surface 
Mill 
Operator 
Surface 
Mill 
Low 
3/8/201
4 
              
3/10/20
14 
0.865 26 < 26 30 < 30 
20 Miner I 
3800 
West 
Block 
Area 2 
High 
3/8/201
4 
1.043 58 26 84 55 25 80 
3/10/20
14 
0.971 
11
0 
21 
13
1 
110 22 132 
(<) indicates that sample concentration was less than the reportable limit (RL); 
Organic Carbon RL = 4.9 µg/sample; Elemental Carbon RL =  1.7 µg/sample 
 
44 
Area 
ID 
Location 
Description 
Date 
Air 
Volume 
(m3) 
OC 
(µg) 
EC 
(µg) 
TC 
(µg) 
OC 
(µg/m³) 
EC 
(µg/m³) 
TC 
(µg/m³) 
Area 1 
2000 East 
300 East 
3/7/2014 0.612 35 24 59 58 39 97 
3/7/2014 0.815 86 55 141 110 67 177 
3/9/2014 0.723 33 20 53 45 28 73 
3/9/2014 0.782 37 20 57 47 26 73 
Area 1 
4400 West 
FWL 
3/8/2014 0.805 24 6.4 30.4 30 8 38 
3/8/2014 0.786 29 10 39 37 13 50 
3/10/2014 0.638 25 14 39 39 23 62 
3/10/2014 0.667 32 22 54 47 33 80 
Area 2  
2600 East 
1600 East 
3/7/2014 0.606 41 11 52 67 18 85 
3/9/2014 0.729 26 9.5 35.5 35 13 48 
Area 2 
4100 West 
138 West 
3/8/2014 0.779 38 27 65 49 34 83 
3/10/2014 0.616 29 16 45 47 26 73 
Area 3 2900 Shop 
3/7/2014 0.619 22 5 27 35 8.1 43.1 
3/9/2014 0.72 27 3.9 30.9 38 5.5 43.5 
Area 3 5000 Shop 
3/8/2014 0.72 30 4.4 34.4 41 6.1 47.1 
3/10/2014 0.585 29 10 39 50 17 67 
Area 4 
Surface 
Conference 
Room  
3/7/2014 0.753 21 < 21 28 < 28 
3/8/2014 0.871 23 < 23 26 < 26 
3/9/2014 0.877 21 < 21 24 < 24 
3/10/2014 0.766 20 < 20 26 < 26 
(<) indicates that sample concentration was less than the reportable limit (RL); 
Organic Carbon RL = 4.9 µg/sample; Elemental Carbon RL =  1.7 µg/sample 
 
 
 
 
 
 
 
45 
Subje
ct  ID 
Job 
Descripti
on 
Location 
Descripti
on 
Exposu
re 
Group 
Date 
Air 
Volu
me 
(m3) 
OC 
(µg) 
EC 
(µg
) 
TC 
(µg) 
OC 
(µg/
m³) 
EC 
(µg/
m³) 
TC 
(µg/
m³) 
1 
Muck 
Hauler 
Area 2 
Mediu
m 
6/11/20
14 
1.064 33.0 
14.
0 
47.0 31.0 13.0 45.0 
6/13/20
14 
1.099 30.0 4.7 35.0 27.0 4.2 32.0 
2 
Electricia
n 
All mine 
locations 
Mediu
m 
6/11/20
14 
1.059 37.0 3.9 41.0 35.0 3.6 38.0 
6/13/20
14 
1.159 24.0 
<1.
7 
24.0 21.0 <1.5 21.0 
3 Operator 
2000 
level to 
7800 
level 
High 
6/11/20
14 
0.958 30.0 
12.
0 
42.0 31.0 13.0 44.0 
6/13/20
14 
1.066 29.0 
16.
0 
45.0 27.0 15.0 42.0 
4 Miner I 
2300 
West 
FWL 
High 
6/11/20
14 
1.012 48.0 
27.
0 
75.0 48.0 26.0 74.0 
6/13/20
14 
              
5 Miner III 
Area 3, 
3800 
East 
9900 
Low 
6/11/20
14 
              
6/13/20
14 
              
6 Miner I 
2000 
West 
Stope 
Block 
High 
6/11/20
14 
1.006 40.0 
27.
0 
67.0 40.0 27.0 67.0 
6/13/20
14 
1.046 39.0 
19.
0 
58.0 37.0 18.0 55.0 
7 
Geologis
t 
All mine 
locations 
Low 
6/11/20
14 
0.832 38.0 
16.
0 
54.0 46.0 19.0 65.0 
6/13/20
14 
0.881 35.0 
12.
0 
46.0 39.0 13.0 53.0 
8 Miner I 
2600 
East 
High 
6/11/20
14 
0.989 55.0 
27.
0 
82.0 56.0 27.0 83.0 
6/13/20
14 
1.069 38.0 
14.
0 
52.0 35.0 14.0 49.0 
9 
Mechani
c 
2900 
Shop 
Low 
6/11/20
14 
1.019 27.0 5.7 33.0 27.0 5.6 33.0 
6/13/20
14 
1.120 28.0 5.9 34.0 25.0 5.3 30.0 
10 
Diamond 
Driller 
2300 
West & 
5000 
West 
Mediu
m 
6/11/20
14 
1.070 30.0 
23.
0 
53.0 28.0 22.0 49.0 
6/13/20
14 
1.110 28.0 
16.
0 
44.0 25.0 14.0 39.0 
11 
Electricia
n 
All mine 
locations 
Mediu
m 
6/12/20
14 
0.983 32.0 
11.
0 
42.0 32.0 11.0 43.0 
46 
6/14/20
14 
1.010 27.0 2.5 30.0 27.0 2.5 30.0 
12 Miner I 
5000 
West 
High 
6/12/20
14 
1.104 
110.
0 
7.4 
120.
0 
99.0 6.7 110.0 
6/14/20
14 
0.997 36.0 5.5 42.0 36.0 5.6 42.0 
13 Miner I 
4100 
West 
FWL 
High 
6/12/20
14 
1.098 32.0 8.4 41.0 30.0 7.6 37.0 
6/14/20
14 
1.017 39.0 
13.
0 
51.0 38.0 12.0 50.0 
14 
Stationar
y 
Mechani
c 
All mine 
locations 
Low 
6/12/20
14 
1.076 31.0 2.7 34.0 29.0 2.5 31.0 
6/14/20
14 
              
15 Operator 
Lower 
Off Shaft 
Mediu
m 
6/12/20
14 
1.040 41.0 
13.
0 
54.0 39.0 13.0 52.0 
6/14/20
14 
1.027 31.0 
11.
0 
42.0 30.0 11.0 41.0 
16 
Raise 
Bore I 
Driller 
5200 
East 
5900 
Mediu
m 
6/12/20
14 
              
6/14/20
14 
              
17 
Geologis
t 
All mine 
locations 
Low 
6/12/20
14 
0.821 28.0 4.9 33.0 34.0 6.0 40.0 
6/14/20
14 
0.808 46.0 
13.
0 
59.0 57.0 16.0 73.0 
18 
Beat 
Mechani
c 
3200 
level to 
4800 
level 
High 
6/12/20
14 
1.223 28.0 2.2 31.0 26.0 2.0 28.0 
6/14/20
14 
0.973 27.0 2.7 30.0 28.0 2.7 30.0 
19 
Surface 
Mill 
Operator 
Surface 
Mill 
Low 
6/12/20
14 
0.801 27.0 
<1.
7 
27.0 38.0 <2.4 38.0 
6/14/20
14 
0.921 23.0 
<1.
7 
23.0 25.0 <1.8 25.0 
20 Miner I 
3800 
West 
Block 
Area 2 
High 
6/12/20
14 
1.069 53.0 
19.
0 
72.0 49.0 18.0 67.0 
6/14/20
14 
              
 
 
 
47 
Area 
ID 
Location 
Description 
Date 
Air 
Volume 
(m3) 
OC 
(µg) 
EC 
(µg) 
TC 
(µg) 
OC 
(µg/m³) 
EC 
(µg/m³) 
TC 
(µg/m³) 
Area 1 
2000 East 
300 East 
6/11/2014 0.594 35 12 47 60 21 81 
6/12/2014 0.758 25 13 39 34 17 51 
6/13/2014 0.600 29 7.1 36 48 12 59 
6/14/2014 0.620 49 15 64 74 23 97 
Area 2  
2600 East 
1600 East 
6/11/2014 0.316 25 7.7 33 170 50 220 
6/12/2014 0.542 27 9.4 37 50 17 68 
6/13/2014 0.600 22 4.8 27 38 8.3 47 
6/14/2014 0.595 38 14 52 71 25 96 
Area 3 2900 Shop 
6/11/2014 0.571 23 2.2 25 40 3.8 44 
6/12/2014 0.671 22 4.4 26 32 6.6 39 
6/13/2014 0.635 24 2.7 27 38 4.3 43 
6/14/2014 0.665 22 <1.7 22 37 <2.8 37 
Area 4 
Surface 
Conference 
Room  
6/11/2014 0.795 21 <1.7 21 26 <2.1 26 
6/12/2014 1.120 24 <1.7 24 21 <1.5 21 
6/13/2014 0.916 20 <1.7 20 22 <1.9 22 
6/14/2014 0.875 24 <1.7 24 27 <1.9 27 
Area 4 
Surface 
Conference 
Room  
6/11/2014 0.790 23 <1.7 23 30 <2.2 30 
6/12/2014 1.273 24 <1.7 24 21 <1.5 21 
6/13/2014 0.887 20 <1.7 20 23 <1.9 23 
6/14/2014 0.871 23 <1.7 23 26 <2 26 
 
 
 
 
 
 
 
 
 
48 
Subje
ct  ID 
Job 
Descripti
on 
Location 
Descripti
on 
Exposu
re 
Group 
Date 
Air 
Volu
me 
(m3) 
OC 
(µg
) 
EC 
(µg
) 
TC 
(µg
) 
OC 
(µg/
m³) 
EC 
(µg/
m³) 
TC 
(µg/
m³) 
1 
Muck 
Hauler 
Area 2 
Mediu
m 
8/14/20
14 
1.134 
32.
0 
5.9 
37.
0 
28.0 5.2 33.0 
8/16/20
14 
1.174
5 
35.
0 
11.
0 
46.
0 
30.0 9.2 39.0 
2 
Electricia
n 
All mine 
locations 
Mediu
m 
8/14/20
14 
1.037 
24.
0 
<1.
7 
24.
0 
23.0 <1.6 23.0 
8/16/20
14 
0.666 
19.
0 
3.7 
23.
0 
29.0 5.6 34.0 
3 Operator 
2000 
level to 
7800 
level 
High 
8/14/20
14 
              
8/16/20
14 
1.083 
33.
0 
4.7 
38.
0 
30.0 4.3 35.0 
4 Miner I 
2300 
West 
FWL 
High 
8/14/20
14 
0.922 
38.
0 
21.
0 
59.
0 
41.0 23.0 64.0 
8/16/20
14 
              
5 Miner III 
Area 3, 
3800 
East 
9900 
Low 
8/14/20
14 
              
8/16/20
14 
              
6 Miner I 
2000 
West 
Stope 
Block 
High 
8/14/20
14 
0.931 
37.
0 
8.5 
46.
0 
40.0 9.2 49.0 
8/16/20
14 
1.011 
31.
0 
13.
0 
44.
0 
31.0 13.0 43.0 
7 
Geologis
t 
All mine 
locations 
Low 
8/14/20
14 
              
8/16/20
14 
              
8 Miner I 
2600 
East 
High 
8/14/20
14 
              
8/16/20
14 
1.062 
38.
0 
37.
0 
74.
0 
35.0 35.0 70.0 
9 
Mechani
c 
2900 
Shop 
Low 
8/14/20
14 
1.102 
23.
0 
3.5 
26.
0 
21.0 3.1 24.0 
8/16/20
14 
1.125 
25.
0 
5.0 
30.
0 
23.0 4.4 27.0 
10 
Diamond 
Driller 
2300 
West & 
5000 
West 
Mediu
m 
8/14/20
14 
1.098 
35.
0 
26.
0 
61.
0 
32.0 24.0 56.0 
8/16/20
14 
1.178 
28.
0 
8.1 
36.
0 
24.0 6.9 31.0 
11 
Electricia
n 
All mine 
locations 
Mediu
m 
8/15/20
14 
0.993 
35.
0 
12.
0 
47.
0 
35.0 12.0 48.0 
49 
8/17/20
14 
0.947 
17.
0 
1.8 
18.
0 
18.0 2.0 20.0 
12 Miner I 
5000 
West 
High 
8/15/20
14 
1.040 
52.
0 
5.9 
58.
0 
50.0 5.7 56.0 
8/17/20
14 
1.147 
52.
0 
15.
0 
66.
0 
45.0 13.0 58.0 
13 Miner I 
4100 
West 
FWL 
High 
8/15/20
14 
1.078 
33.
0 
14.
0 
46.
0 
30.0 13.0 43.0 
8/17/20
14 
0.959 
25.
0 
9.1 
34.
0 
26.0 9.5 35.0 
14 
Stationar
y 
Mechani
c 
All mine 
locations 
Low 
8/15/20
14 
0.955 
53.
0 
7.6 
60.
0 
55.0 7.9 63.0 
8/17/20
14 
0.990 
28.
0 
1.8 
30.
0 
28.0 1.9 30.0 
15 Operator 
Lower 
Off Shaft 
Mediu
m 
8/15/20
14 
1.068 
23.
0 
8.6 
32.
0 
22.0 8.1 30.0 
8/17/20
14 
1.029 
46.
0 
8.2 
54.
0 
45.0 8.0 53.0 
16 
Raise 
Bore I 
Driller 
5200 
East 
5900 
Mediu
m 
8/15/20
14 
              
8/17/20
14 
              
17 
Geologis
t 
All mine 
locations 
Low 
8/15/20
14 
0.893 
27.
0 
9.6 
36.
0 
30.0 11.0 41.0 
8/17/20
14 
0.836 
25.
0 
4.2 
29.
0 
30.0 5.0 35.0 
18 
Beat 
Mechani
c 
3200 
level to 
4800 
level 
High 
8/15/20
14 
1.116 
19.
0 
3.2 
22.
0 
17.0 2.9 20.0 
8/17/20
14 
0.177 
18.
0 
1.8 
20.
0 
100.0 10.0 110.0 
19 
Surface 
Mill 
Operator 
Surface 
Mill 
Low 
8/15/20
14 
0.722 
20.
0 
<1.
7 
20.
0 
27.0 <2.4 27.0 
8/17/20
14 
0.937 
17.
0 
<1.
7 
17.
0 
18.0 <1.8 18.0 
20 Miner I 
3800 
West 
Block 
Area 2 
High 
8/15/20
14 
0.198 
27.
0 
12.
0 
39.
0 
140.0 59.0 200.0 
8/17/20
14 
1.008 
23.
0 
7.4 
30.
0 
22.0 7.3 30.0 
 
 
 
50 
Area 
ID 
Location 
Description 
Date 
Air 
Volume 
(m3) 
OC 
(µg) 
EC 
(µg) 
TC 
(µg) 
OC 
(µg/m³) 
EC 
(µg/m³) 
TC 
(µg/m³) 
Area 1 
2000 East 
300 East 
8/14/2014 0.434 20 6.8 26 45 16 61 
8/15/2014 0.638 28 14 42 44 21 66 
8/16/2014 0.524 22 17 39 42 32 74 
8/17/2014 0.604 27 17 44 44 28 72 
Area 2  
2600 East 
1600 East 
8/14/2014 0.503 17 2.7 20 35 5.4 40 
8/15/2014 0.619 30 12 42 48 19 67 
8/16/2014 0.561 17 3.1 20 30 5.4 36 
8/17/2014 0.494 21 17 38 43 34 77 
Area 3 2900 Shop 
8/14/2014 0.586 21 2.7 24 36 4.7 41 
8/15/2014 0.655 57 4.4 62 88 6.8 94 
8/16/2014 15.000 2.2 17 24 3.6 28   
8/17/2014 0.638 25 11 36 39 17 56 
Area 4 
Surface 
Conference 
Room  
8/14/2014 0.800 15 <1.7 15 18 <2.1 18 
8/15/2014 0.902 16 <1.7 16 17 <1.9 17 
8/16/2014 0.898 20 <1.7 20 22 <1.9 22 
8/17/2014 0.729 14 1.9 15 19 2.6 21 
Area 4 
Surface 
Conference 
Room  
8/14/2014 0.444 21 6.8 28 47 15 62 
8/15/2014 0.611 26 15 41 43 24 67 
8/16/2014 0.527 30 22 53 58 43 100 
8/17/2014 0.937 26 10 36 28 11 39 
 
 
 
 
 
 
 
 
 
51 
Subje
ct  ID 
Job  
Descripti
on 
Location 
Descripti
on 
Exposu
re 
Group 
Date 
Air 
Volu
me 
(m3) 
OC 
(µg
) 
EC 
(µg) 
TC 
(µg) 
OC 
(µg/
m³) 
EC  
(µg/
m³) 
TC  
(µg/
m³) 
1 
Muck 
Hauler 
Area 2 
Mediu
m 
10/1/20
14 
1.104 
30.
0 
7.5 37.0 27.0 6.8 34.0 
10/3/20
14 
1.134 
21.
0 
2.7 23.0 18.0 2.3 21.0 
2 
Electricia
n 
All mine 
locations 
Mediu
m 
10/1/20
14 
1.112 
25.
0 
6.4 31.0 23.0 5.7 28.0 
10/3/20
14 
1.130 
26.
0 
2.6 28.0 23.0 2.3 25.0 
3 
Operato
r 
2000 
level to 
7800 
level 
High 
10/1/20
14 
1.018 
22.
0 
5.7 28.0 22.0 5.6 27.0 
10/3/20
14 
1.071 
23.
0 
12.0 35.0 22.0 11.0 33.0 
4 Miner I 
2300 
West 
FWL 
High 
10/1/20
14 
0.983 
54.
0 
29.0 83.0 55.0 30.0 84.0 
10/3/20
14 
1.023 
37.
0 
33.0 70.0 36.0 32.0 68.0 
5 Miner III 
Area 3, 
3800 
East 
9900 
Low 
10/1/20
14 
              
10/3/20
14 
              
6 Miner I 
2000 
West 
Stope 
Block 
High 
10/1/20
14 
0.721 
38.
0 
13.0 51.0 53.0 18.0 71.0 
10/3/20
14 
0.237 
16.
0 
3.1 19.0 68.0 13.0 81.0 
7 
Geologis
t 
All mine 
locations 
Low 
10/1/20
14 
0.934 
19.
0 
4.2 23.0 20.0 4.5 25.0 
10/3/20
14 
0.837 
30.
0 
16.0 46.0 36.0 19.0 55.0 
8 Miner I 
2600 
East 
High 
10/1/20
14 
1.036 
48.
0 
31.0 79.0 47.0 30.0 76.0 
10/3/20
14 
0.982 
41.
0 
22.0 64.0 42.0 23.0 65.0 
9 
Mechani
c 
2900 
Shop 
Low 
10/1/20
14 
1.044 
28.
0 
7.0 35.0 26.0 6.7 33.0 
10/3/20
14 
1.099 
23.
0 
6.1 29.0 21.0 5.6 26.0 
10 
Diamon
d Driller 
2300 
West & 
5000 
West 
Mediu
m 
10/1/20
14 
1.072 
49.
0 
22.0 71.0 46.0 21.0 76.0 
10/3/20
14 
0.479 
21.
0 
7.9 29.0 44.0 16.0 61.0 
11 
Electricia
n 
All mine 
locations 
Mediu
m 
10/2/20
14 
1.077 
16.
0 
2.5 19.0 15.0 2.3 17.0 
52 
10/4/20
14 
0.298 
19.
0 
<1.7 19.0 64.0 <5.7 64.0 
12 Miner I 
5000 
West 
High 
10/2/20
14 
1.123 
57.
0 
8.4 66.0 51.0 7.5 59.0 
10/4/20
14 
              
13 Miner I 
4100 
West 
FWL 
High 
10/2/20
14 
1.127 
29.
0 
16.0 45.0 26.0 14.0 40.0 
10/4/20
14 
0.604 
20.
0 
7.9 28.0 33.0 13.0 48.0 
14 
Stationa
ry 
Mechani
c 
All mine 
locations 
Low 
10/2/20
14 
1.064 
24.
0 
1.8 26.0 22.0 1.7 24.0 
10/4/20
14 
              
15 
Operato
r 
Lower 
Off Shaft 
Mediu
m 
10/2/20
14 
1.107 
35.
0 
8.5 44.0 32.0 7.7 39.0 
10/4/20
14 
1.021 
47.
0 
13.0 60.0 46.0 13.0 59.0 
16 
Raise 
Bore I 
Driller 
5200 
East 
5900 
Mediu
m 
10/2/20
14 
              
10/4/20
14 
              
17 
Geologis
t 
All mine 
locations 
Low 
10/2/20
14 
0.867 
35.
0 
21.0 56.0 40.0 24.0 64.0 
10/4/20
14 
0.890 
28.
0 
7.6 35.0 31.0 8.5 40.0 
18 
Beat 
Mechani
c 
3200 
level to 
4800 
level 
High 
10/2/20
14 
1.018 
22.
0 
3.9 26.0 21.0 3.9 25.0 
10/4/20
14 
1.013 
21.
0 
15.0 36.0 20.0 15.0 35.0 
19 
Surface 
Mill 
Operato
r 
Surface 
Mill 
Low 
10/2/20
14 
              
10/4/20
14 
              
20 Miner I 
3800 
West 
Block 
Area 2 
High 
10/2/20
14 
1.157 
46.
0 
52.0 98.0 39.0 45.0 84.0 
10/4/20
14 
1.185 
35.
0 
120.
0 
160.
0 
30.0 
100.0
00 
130.0 
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Area 
ID 
Location 
Description 
Date 
Air 
Volume 
(m3) 
OC 
(µg) 
EC 
(µg) 
TC 
(µg) 
OC 
(µg/m³) 
EC 
(µg/m³) 
TC 
(µg/m³) 
Area 1 
2000 East 
300 East 
10/1/2014               
10/2/2014 0.678 39 12 48 53 18 71 
10/3/2014 0.643 24 16 40 38 25 63 
10/4/2014 0.635 37 9.3 46 58 15 72 
Area 1 
2000 East 
300 East 
10/1/2014 0.564 27 13 39 47 23 70 
10/2/2014 0.676 39 10 49 57 15 72 
10/3/2014 0.653 9.1 1.7 11 14 2.6 16 
10/4/2014 0.641 35 18 53 55 28 83 
Area 2 
2600 East 
1600 East 
10/1/2014 0.585 18 < 1.7 18 32 < 2.9 32 
10/2/2014 0.693 31 22 53 45 32 77 
10/3/2014 0.650 15 4.7 20 24 7.3 31 
10/4/2014 0.501 29 16 45 58 32 90 
Area 3 2900 Shop 
10/1/2014 0.635 15 4.7 20 23 7.5 31 
10/2/2014 0.659 24 3.5 28 37 5.2 42 
10/3/2014 0.708 14 3.1 18 20 4.3 25 
10/4/2014 0.673 26 3.5 29 38 5.1 43 
Area 4 
Surface 
Conference 
Room  
10/1/2014 0.737 15 < 1.7 15 20 < 2.3 20 
10/2/2014 0.798 14 < 1.7 14 18 < 2.1 18 
10/3/2014 0.814 14 < 1.7 14 18 < 2.1 18 
10/4/2014 0.781 13 < 1.7 13 17 < 2.2 17 
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Appendix B: One-Way Anova Results for Total Carbon (Personal) 
One-way ANOVA: TC This Stud, TC (µg/m³) H, TC (µg/m³) H, TC (µg/m³) H, TC 
(µg/m³) H, ...  
 
Method 
 
Null hypothesis         All means are equal 
Alternative hypothesis  At least one mean is different 
Significance level      α = 0.05 
Rows unused             1131 
 
Equal variances were assumed for the analysis. 
 
 
Factor Information 
 
Factor  Levels  Values 
Factor       8  TC This Study, TC (µg/m³) H.J. Cohen 1, TC (µg/m³) H.J. Cohen 2, TC 
(µg/m³) 
                H.J. Cohen 3, TC (µg/m³) H.J. Cohen 4, TC (µg/m³) H.J. Cohen 5, TC 
(µg/m³) 
                H.J. Cohen 6, TC (µg/m³) H.J. Cohen 7 
 
 
Analysis of Variance 
 
Source   DF  Adj SS  Adj MS  F-Value  P-Value 
Factor    7  683968   97710    52.26    0.000 
Error   141  263613    1870 
Total   148  947581 
 
 
Model Summary 
 
      S    R-sq  R-sq(adj)  R-sq(pred) 
43.2389  72.18%     70.80%      47.78% 
 
 
Means 
 
Factor                     N   Mean  StDev      95% CI 
TC This Study            130  32.55  25.68  (25.06, 40.05) 
TC (µg/m³) H.J. Cohen 1    3  141.3   88.6  ( 92.0, 190.7) 
TC (µg/m³) H.J. Cohen 2    3  151.0   60.0  (101.6, 200.4) 
TC (µg/m³) H.J. Cohen 3    3    378    230  (  328,   427) 
TC (µg/m³) H.J. Cohen 4    3  213.3  137.7  (164.0, 262.7) 
TC (µg/m³) H.J. Cohen 5    3  138.3   61.9  ( 89.0, 187.7) 
TC (µg/m³) H.J. Cohen 6    2  107.5   30.4  ( 47.1, 167.9) 
TC (µg/m³) H.J. Cohen 7    2  333.0   53.7  (272.6, 393.4) 
 
Pooled StDev = 43.2389 
 
  
Tukey Pairwise Comparisons  
 
Grouping Information Using the Tukey Method and 95% Confidence 
 
Factor                     N   Mean  Grouping 
55 
TC (µg/m³) H.J. Cohen 3    3    378  A 
TC (µg/m³) H.J. Cohen 7    2  333.0  A B 
TC (µg/m³) H.J. Cohen 4    3  213.3    B C 
TC (µg/m³) H.J. Cohen 2    3  151.0      C 
TC (µg/m³) H.J. Cohen 1    3  141.3      C 
TC (µg/m³) H.J. Cohen 5    3  138.3      C 
TC (µg/m³) H.J. Cohen 6    2  107.5      C D 
TC This Study            130  32.55        D 
 
Means that do not share a letter are significantly different. 
 
  
Tukey Simultaneous 95% CIs  
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Appendix C: One-Way Anova Results for Total Carbon (Area) 
One-way ANOVA: TC This Study, TC (µg/m³) Kwabena Osei-Boakye, TC (µg/m³) 
Stephenson  
 
Method 
 
Null hypothesis         All means are equal 
Alternative hypothesis  At least one mean is different 
Significance level      α = 0.05 
Rows unused             264 
 
Equal variances were assumed for the analysis. 
 
 
Factor Information 
 
Factor  Levels  Values 
Factor       3  TC This Study, TC (µg/m³) Kwabena Osei-Boakye, TC (µg/m³) Stephenson 
 
 
Analysis of Variance 
 
Source   DF   Adj SS  Adj MS  F-Value  P-Value 
Factor    2   810660  405330    28.20    0.000 
Error   133  1911715   14374 
Total   135  2722374 
 
 
Model Summary 
 
      S    R-sq  R-sq(adj)  R-sq(pred) 
119.891  29.78%     28.72%      24.86% 
 
 
Means 
 
Factor                           N   Mean  StDev      95% CI 
TC This Study                   76  37.74  33.70  (10.53, 64.94) 
TC (µg/m³) Kwabena Osei-Boakye  24  233.5  190.0  (185.1, 281.9) 
TC (µg/m³) Stephenson           36  149.6  168.7  (110.1, 189.1) 
 
Pooled StDev = 119.891 
 
  
Tukey Pairwise Comparisons  
 
Grouping Information Using the Tukey Method and 95% Confidence 
 
Factor                           N   Mean  Grouping 
TC (µg/m³) Kwabena Osei-Boakye  24  233.5  A 
TC (µg/m³) Stephenson           36  149.6    B 
TC This Study                   76  37.74      C 
 
Means that do not share a letter are significantly different. 
 
  
Tukey Simultaneous 95% CIs  
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Appendix D: One-Way Anova Results for Elemental Carbon (Personal) 
One-way ANOVA: EC (µg/m³) P, EC (µg/m³) H, EC (µg/m³) H, EC (µg/m³) H, EC 
(µg/m³) H, ...  
 
Method 
 
Null hypothesis         All means are equal 
Alternative hypothesis  At least one mean is different 
Significance level      α = 0.05 
Rows unused             1141 
 
Equal variances were assumed for the analysis. 
 
 
Factor Information 
 
Factor  Levels  Values 
Factor       8  EC (µg/m³) Personal, EC (µg/m³) H.J. Cohen 1, EC (µg/m³) H.J. Cohen 2, 
EC 
                (µg/m³) H.J. Cohen 3, EC (µg/m³) H.J. Cohen 4, EC (µg/m³) H.J. Cohen 
5, EC 
                (µg/m³) H.J. Cohen 6, EC (µg/m³) H.J. Cohen 7 
 
 
Analysis of Variance 
 
Source   DF  Adj SS  Adj MS  F-Value  P-Value 
Factor    7  293123   41875    41.09    0.000 
Error   131  133488    1019 
Total   138  426611 
 
 
Model Summary 
 
      S    R-sq  R-sq(adj)  R-sq(pred) 
31.9216  68.71%     67.04%      33.70% 
 
 
Means 
 
Factor                     N   Mean  StDev      95% CI 
EC (µg/m³) Personal      120  13.05  12.21  ( 7.28, 18.81) 
EC (µg/m³) H.J. Cohen 1    3   66.3   62.5  ( 29.9, 102.8) 
EC (µg/m³) H.J. Cohen 2    3   56.3   49.2  ( 19.9,  92.8) 
EC (µg/m³) H.J. Cohen 3    3    263    196  (  227,   299) 
EC (µg/m³) H.J. Cohen 4    3  104.3  102.0  ( 67.9, 140.8) 
EC (µg/m³) H.J. Cohen 5    3   44.3   36.9  (  7.9,  80.8) 
EC (µg/m³) H.J. Cohen 6    2   59.5   26.2  ( 14.8, 104.2) 
EC (µg/m³) H.J. Cohen 7    2  220.0   42.4  (175.3, 264.7) 
 
Pooled StDev = 31.9216 
 
  
One-way ANOVA: EC (µg/m³) P, EC (µg/m³) H, EC (µg/m³) H, EC (µg/m³) H, EC 
(µg/m³) H, ...  
 
Method 
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Null hypothesis         All means are equal 
Alternative hypothesis  At least one mean is different 
Significance level      α = 0.05 
Rows unused             1141 
 
Equal variances were assumed for the analysis. 
 
 
Factor Information 
 
Factor  Levels  Values 
Factor       8  EC (µg/m³) Personal, EC (µg/m³) H.J. Cohen 1, EC (µg/m³) H.J. Cohen 2, 
EC 
                (µg/m³) H.J. Cohen 3, EC (µg/m³) H.J. Cohen 4, EC (µg/m³) H.J. Cohen 
5, EC 
                (µg/m³) H.J. Cohen 6, EC (µg/m³) H.J. Cohen 7 
 
 
Analysis of Variance 
 
Source   DF  Adj SS  Adj MS  F-Value  P-Value 
Factor    7  293123   41875    41.09    0.000 
Error   131  133488    1019 
Total   138  426611 
 
 
Model Summary 
 
      S    R-sq  R-sq(adj)  R-sq(pred) 
31.9216  68.71%     67.04%      33.70% 
 
 
Means 
 
Factor                     N   Mean  StDev      95% CI 
EC (µg/m³) Personal      120  13.05  12.21  ( 7.28, 18.81) 
EC (µg/m³) H.J. Cohen 1    3   66.3   62.5  ( 29.9, 102.8) 
EC (µg/m³) H.J. Cohen 2    3   56.3   49.2  ( 19.9,  92.8) 
EC (µg/m³) H.J. Cohen 3    3    263    196  (  227,   299) 
EC (µg/m³) H.J. Cohen 4    3  104.3  102.0  ( 67.9, 140.8) 
EC (µg/m³) H.J. Cohen 5    3   44.3   36.9  (  7.9,  80.8) 
EC (µg/m³) H.J. Cohen 6    2   59.5   26.2  ( 14.8, 104.2) 
EC (µg/m³) H.J. Cohen 7    2  220.0   42.4  (175.3, 264.7) 
 
Pooled StDev = 31.9216 
 
  
Tukey Pairwise Comparisons  
 
Grouping Information Using the Tukey Method and 95% Confidence 
 
Factor                     N   Mean  Grouping 
EC (µg/m³) H.J. Cohen 3    3    263  A 
EC (µg/m³) H.J. Cohen 7    2  220.0  A 
EC (µg/m³) H.J. Cohen 4    3  104.3    B 
EC (µg/m³) H.J. Cohen 1    3   66.3    B C 
EC (µg/m³) H.J. Cohen 6    2   59.5    B C 
EC (µg/m³) H.J. Cohen 2    3   56.3    B C 
EC (µg/m³) H.J. Cohen 5    3   44.3    B C 
EC (µg/m³) Personal      120  13.05      C 
Means that do not share a letter are significantly different. 
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Appendix E: One-Way Anova Results for Elemental Carbon (Area) 
One-way ANOVA: EC (µg/m³) Area, EC (µg/m³) Kwabena Osei-Boakye, EC (µg/m³) 
Stephenson  
 
Method 
 
Null hypothesis         All means are equal 
Alternative hypothesis  At least one mean is different 
Significance level      α = 0.05 
Rows unused             362 
 
Equal variances were assumed for the analysis. 
 
 
Factor Information 
 
Factor  Levels  Values 
Factor       3  EC (µg/m³) Area, EC (µg/m³) Kwabena Osei-Boakye, EC (µg/m³) Stephenson 
 
 
Analysis of Variance 
 
Source   DF   Adj SS  Adj MS  F-Value  P-Value 
Factor    2   366225  183113    17.73    0.000 
Error   115  1187888   10329 
Total   117  1554114 
 
 
Model Summary 
 
      S    R-sq  R-sq(adj)  R-sq(pred) 
101.634  23.56%     22.24%      17.95% 
 
 
Means 
 
Factor                           N   Mean  StDev      95% CI 
EC (µg/m³) Area                 58  18.30  13.11  (-8.14, 44.73) 
EC (µg/m³) Kwabena Osei-Boakye  24  152.1  162.1  (111.0, 193.2) 
EC (µg/m³) Stephenson           36  107.4  128.0  ( 73.8, 140.9) 
 
Pooled StDev = 101.634 
 
  
One-way ANOVA: EC (µg/m³) Area, EC (µg/m³) Kwabena Osei-Boakye, EC (µg/m³) 
Stephenson  
 
Method 
 
Null hypothesis         All means are equal 
Alternative hypothesis  At least one mean is different 
Significance level      α = 0.05 
Rows unused             362 
 
Equal variances were assumed for the analysis. 
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Factor Information 
 
Factor  Levels  Values 
Factor       3  EC (µg/m³) Area, EC (µg/m³) Kwabena Osei-Boakye, EC (µg/m³) Stephenson 
 
 
Analysis of Variance 
 
Source   DF   Adj SS  Adj MS  F-Value  P-Value 
Factor    2   366225  183113    17.73    0.000 
Error   115  1187888   10329 
Total   117  1554114 
 
 
Model Summary 
 
      S    R-sq  R-sq(adj)  R-sq(pred) 
101.634  23.56%     22.24%      17.95% 
 
 
Means 
 
Factor                           N   Mean  StDev      95% CI 
EC (µg/m³) Area                 58  18.30  13.11  (-8.14, 44.73) 
EC (µg/m³) Kwabena Osei-Boakye  24  152.1  162.1  (111.0, 193.2) 
EC (µg/m³) Stephenson           36  107.4  128.0  ( 73.8, 140.9) 
 
Pooled StDev = 101.634 
 
  
Tukey Pairwise Comparisons  
 
Grouping Information Using the Tukey Method and 95% Confidence 
 
Factor                           N   Mean  Grouping 
EC (µg/m³) Kwabena Osei-Boakye  24  152.1  A 
EC (µg/m³) Stephenson           36  107.4  A 
EC (µg/m³) Area                 58  18.30    B 
 
Means that do not share a letter are significantly different. 
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Appendix F: One-Way Anova Results for Organic Carbon (Personal) 
One-way ANOVA: OG This Stud, OC (µg/m³) H, OC (µg/m³) H, OC (µg/m³) H, OC 
(µg/m³) H, ...  
 
Method 
 
Null hypothesis         All means are equal 
Alternative hypothesis  At least one mean is different 
Significance level      α = 0.05 
Rows unused             31 
 
Equal variances were assumed for the analysis. 
 
 
Factor Information 
 
Factor  Levels  Values 
Factor       8  OG This Study, OC (µg/m³) H.J. Cohen 1, OC (µg/m³) H.J. Cohen 2, OC 
(µg/m³) 
                H.J. Cohen 3, OC (µg/m³) H.J. Cohen 4, OC (µg/m³) H.J. Cohen 5, OC 
(µg/m³) 
                H.J. Cohen 6, OC (µg/m³) H.J. Cohen 7 
 
 
Analysis of Variance 
 
Source   DF  Adj SS   Adj MS  F-Value  P-Value 
Factor    7   97029  13861.3    35.80    0.000 
Error   140   54199    387.1 
Total   147  151228 
 
 
Model Summary 
 
      S    R-sq  R-sq(adj)  R-sq(pred) 
19.6759  64.16%     62.37%      56.15% 
 
 
Means 
 
Factor                     N    Mean  StDev       95% CI 
OG This Study            129   20.57  18.81  (17.15,  24.00) 
OC (µg/m³) H.J. Cohen 1    3    75.0   26.2  ( 52.5,   97.5) 
OC (µg/m³) H.J. Cohen 2    3   94.67  13.28  (72.21, 117.13) 
OC (µg/m³) H.J. Cohen 3    3   114.7   37.1  ( 92.2,  137.1) 
OC (µg/m³) H.J. Cohen 4    3   109.0   39.0  ( 86.5,  131.5) 
OC (µg/m³) H.J. Cohen 5    3    94.0   25.1  ( 71.5,  116.5) 
OC (µg/m³) H.J. Cohen 6    2   48.00   4.24  (20.49,  75.51) 
OC (µg/m³) H.J. Cohen 7    2  113.00  11.31  (85.49, 140.51) 
 
Pooled StDev = 19.6759 
 
  
Tukey Pairwise Comparisons  
 
Grouping Information Using the Tukey Method and 95% Confidence 
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Factor                     N    Mean  Grouping 
OC (µg/m³) H.J. Cohen 3    3   114.7  A 
OC (µg/m³) H.J. Cohen 7    2  113.00  A 
OC (µg/m³) H.J. Cohen 4    3   109.0  A 
OC (µg/m³) H.J. Cohen 2    3   94.67  A B 
OC (µg/m³) H.J. Cohen 5    3    94.0  A B 
OC (µg/m³) H.J. Cohen 1    3    75.0  A B 
OC (µg/m³) H.J. Cohen 6    2   48.00    B C 
OG This Study            129   20.57      C 
 
Means that do not share a letter are significantly different. 
 
  
Tukey Simultaneous 95% CIs  
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Appendix G: One-Way Anova Results for Organic Carbon (Area) 
One-way ANOVA: OC This Study, OC (µg/m³) Kwabena Osei-Boakye, OC (µg/m³) 
Stephenson  
 
Method 
 
Null hypothesis         All means are equal 
Alternative hypothesis  At least one mean is different 
Significance level      α = 0.05 
Rows unused             4 
 
Equal variances were assumed for the analysis. 
 
 
Factor Information 
 
Factor  Levels  Values 
Factor       3  OC This Study, OC (µg/m³) Kwabena Osei-Boakye, OC (µg/m³) Stephenson 
 
 
Analysis of Variance 
 
Source   DF  Adj SS  Adj MS  F-Value  P-Value 
Factor    2   61797   30899    30.37    0.000 
Error   133  135305    1017 
Total   135  197102 
 
 
Model Summary 
 
      S    R-sq  R-sq(adj)  R-sq(pred) 
31.8956  31.35%     30.32%      27.35% 
 
 
Means 
 
Factor                           N   Mean  StDev      95% CI 
OC This Study                   76  23.74  22.32  (16.50, 30.98) 
OC (µg/m³) Kwabena Osei-Boakye  24  81.46  41.27  (68.58, 94.34) 
OC (µg/m³) Stephenson           36  43.83  40.97  (33.32, 54.35) 
 
Pooled StDev = 31.8956 
 
  
Tukey Pairwise Comparisons  
 
Grouping Information Using the Tukey Method and 95% Confidence 
 
Factor                           N   Mean  Grouping 
OC (µg/m³) Kwabena Osei-Boakye  24  81.46  A 
OC (µg/m³) Stephenson           36  43.83    B 
OC This Study                   76  23.74      C 
 
Means that do not share a letter are significantly different. 
 
  
Tukey Simultaneous 95% CIs  
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 Appendix H: One-Sample T-Test Results  
One-Sample T: tccf  
 
Test of μ = 160 vs ≠ 160 
 
 
Variable    N   Mean  StDev  SE Mean      95% CI           T      P 
tccf      130  32.55  25.68     2.25  (28.10, 37.01)  -56.58  0.000 
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Appendix I: One-Way Anova Results for Exposure Group Comparison 
One-way ANOVA: TC GM versus Exposure group  
 
Method 
 
Null hypothesis         All means are equal 
Alternative hypothesis  At least one mean is different 
Significance level      α = 0.05 
Rows unused             31 
 
Equal variances were assumed for the analysis. 
 
 
Factor Information 
 
Factor          Levels  Values 
Exposure group       3  High, Low, Medium 
 
 
Analysis of Variance 
 
Source           DF  Adj SS  Adj MS  F-Value  P-Value 
Exposure group    2   1.962  0.9811     8.81    0.000 
Error           126  14.034  0.1114 
Total           128  15.996 
 
 
Model Summary 
 
       S    R-sq  R-sq(adj)  R-sq(pred) 
0.333742  12.27%     10.87%       8.03% 
 
 
Means 
 
Exposure 
group      N    Mean   StDev       95% CI 
High      57  1.5296  0.3278  (1.4421, 1.6171) 
Low       34  1.3033  0.3094  (1.1900, 1.4166) 
Medium    38  1.2647  0.3623  (1.1576, 1.3719) 
 
Pooled StDev = 0.333742 
 
  
Tukey Pairwise Comparisons  
 
Grouping Information Using the Tukey Method and 95% Confidence 
 
Exposure 
group      N    Mean  Grouping 
High      57  1.5296  A 
Low       34  1.3033    B 
Medium    38  1.2647    B 
 
Means that do not share a letter are significantly different. 
 
  
Tukey Simultaneous 95% CIs 
66 
Appendix J: One-Way Anova Results for Seasonal Variation 
One-way ANOVA: TC Log versus Campaign  
 
Method 
 
Null hypothesis         All means are equal 
Alternative hypothesis  At least one mean is different 
Significance level      α = 0.05 
Rows unused             7 
 
Equal variances were assumed for the analysis. 
 
 
Factor Information 
 
Factor    Levels  Values 
Campaign       4  1, 2, 3, 4 
 
 
Analysis of Variance 
 
Source    DF   Adj SS  Adj MS  F-Value  P-Value 
Campaign   3   0.5441  0.1814     0.97    0.413 
Error     69  12.9215  0.1873 
Total     72  13.4656 
 
 
Model Summary 
 
       S   R-sq  R-sq(adj)  R-sq(pred) 
0.432745  4.04%      0.00%       0.00% 
 
 
Means 
 
Campaign   N    Mean   StDev       95% CI 
1         20  1.5151  0.3741  (1.3220, 1.7081) 
2         20   1.293   0.505  ( 1.100,  1.486) 
3         18  1.4677  0.4039  (1.2642, 1.6712) 
4         15   1.426   0.434  ( 1.203,  1.649) 
 
Pooled StDev = 0.432745 
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Appendix K: Two-Sample T-Test Model Results for EC/OC Ratios 
Two-Sample T-Test and CI: EC Log, OC Log  
 
Two-sample T for EC Log vs OC Log 
 
          N   Mean  StDev  SE Mean 
EC Log  120  0.987  0.335    0.031 
OC Log  126  1.192  0.345    0.031 
 
 
Difference = μ (EC Log) - μ (OC Log) 
Estimate for difference:  -0.2050 
95% CI for difference:  (-0.2904, -0.1195) 
T-Test of difference = 0 (vs ≠): T-Value = -4.73  P-Value = 0.000  DF = 243 
 

